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Changing surface characteristics of a two-phase closed thermosyphon using a new advanced machining (Electrical Discharge Machining) to enhance its thermal performance 18 results revealed that using internal wall roughness in TPCT can enhance its thermal performance by 19 reducing the evaporator temperature, thereby the total thermal resistance decreasing by about 42% and 20 13% at initial pressures of 3 kPa and 30 kPa, respectively. On the other hand, the evaporator thermal 21 resistance decreases and the evaporator heat transfer coefficient increases by about 115% and 68% at 22 initial pressures of 3 kPa and 30 kPa, respectively. However, the condenser thermal performance 23 decreases using the resurfaced TPCT compared with plain thermosyphon. (Hu et al. 2013 ). The study revealed that significant 110 decrease is achieved in the total thermal resistance due to the change to the surface characteristics to 111 hydrophilic, gradient wettability and normal surface for evaporator, adiabatic and condenser sections, 112 respectively. Also, more than 42% increase in the dry out limit of the grooved heat pipe is obtained. 139 is obtained in the temperature and thermal resistance of TPCT due additional condensate mass resulting 140 from inserting six internal fins in the condenser section. It is also reported that the optimum thermal 141 performance of the TPCT is achieved at a fill ratio of 50%. In addition, acetone exhibits higher 142 performance at low heat loads, while water provides better performance at high heat inputs.
143
Many researchers have carried out numerous experimental investigations to enhance the thermal 144 performance and increase the heat transfer limit of heat pipes. This has been achieved by implementing 145 different means namely, using nanoparticles to improve the thermal characteristics of fluids or changing 146 the surface features of the wall using coatings or making micro-grooves. However, the preparation and 147 using of nanofluids would be complex and occupied by instability and agglomeration of the 148 nanoparticles. In addition, surface coatings can be a difficult process, making additional conduction 149 thermal resistance, time-consuming and expensive, whereas making micro-grooves may reduce the 150 boiling heat transfer limit of heat pipes. 
173
The resulting roughness was measured using Mitutoyo Surftest SJ-310 tester in terms of two 174 parameters. The first is Ra which represents the average distance between the peaks and valleys and the 175 deviation from the mean line throughout the surface and along the length of the surface. The second is
176
Rz which represents the average of five sampling lengths by indicating the vertical distance between 177 the highest peak and the deepest valley for each sampling length. The two roughness parameters Ra and 178 Rz are illustrated in Fig.1a and Fig.1b , respectively. The surface roughness was measured at five 179 different positions on the sample surface, Table 1 illustrates these values. Also, two actual zoomed 180 photos for rough and plain surfaces are presented in Fig.2a and Fig.2b , respectively. To report the 181 wettability of the two surfaces, an optical tensiometer-contact angle meter was used to measure the 182 contact angle employing the sessile drop technique. The measured contact angles for the rough and 183 plain surfaces are shown in Fig.3a and Fig.3b , respectively. An electrical heater with a maximum power of 160 W was used to supply the heat to the evaporator 225 section where it was wrapped evenly to distribute the heat input equally on the evaporator surface.
226
Consequently, the value of the heat input applied to the evaporator wall can be changed by changing 227 the input voltage using a variable transformer. Also, a wattmeter and multimeter were used to measure 228 the heat load. Comparing the readings of the wattmeter, multimeter (volt and ampere) and the value of 229 the output heat, it is found that the maximum uncertainty in the input energy is about 3.2%. A high-230 temperature superwool blanket insulation of 50 mm thickness was used to reduce the thermal losses 231 from the evaporator wall of the TPCT, so, the heat losses were neglected. This was also proved by 232 comparing the heat output which was found to be more than 93% in all tests. Also, a rotameter was 233 employed to measure the coolant mass flow rate at the condenser section with the uncertainty of 234 measuring the flow rate value of 2.8%. In addition, to ensure that all tests are performed at the same 235 inlet temperature of the cooling water, a constant temperature water bath was used to maintain the 236 coolant inlet temperature at the desired temperature. All thermocouples were connected to a data taker 237 to send their temperature readings into a computer to be saved and analysed.
238
After the test rig was built, it was ready to examine the TPCT performance. Firstly, the water bath is set 239 at a desired cooling temperature (20 o C). Then, the globe valve before the rotameter is opened to allow 240 the cooling water to circulate throughout the water jacket at the condenser section. Also, the rotameter 241 is adjusted to a specified flow rate of 0.0025 kg/s using the globe valve to be fixed for all tests. Before 242 power is supplied to the rope heater, enough time is provided to ensure that all thermocouples readings 
Data reduction 255
Parameters such as evaporator and condenser thermal resistances, total thermal resistance and the 256 evaporator heat transfer coefficient need to be determined to obtain and compare the heat transfer 257 characteristics of the plain and modified TPCTs.
258
The evaporator and condenser thermal resistances can be obtained from the following equations:
261
Where R e and R c are the evaporator and condenser thermal resistances, respectively, T sat is the 262 saturation temperature which corresponds to operating pressure at each heat input, and Q is the heat 263 input calculated from:
264
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Where I and V are the circuit current and voltage, respectively. 
272
Where R t is the total thermal resistance of the thermosyphon.
273
The evaporator heat transfer coefficient can be obtained from the following equation:
Where h e is the evaporator heat transfer coefficient, D i and L are the inside diameter and length of the 276 evaporator and T i,av is the inside surface average temperature of the evaporator and can be determined 277 from:
Where D o is the outside diameter of the evaporator and K is the solid thermal conductivity.
3-Results and discussion
281
Temperature distribution
282
A TPCT with internal wall roughness made using the EDM technique was tested and compared
283
with a smooth TPCT to investigate the enhancement in the heat transfer at a range of heat loads 284 and two different initial pressures.
285
Variation of the wall temperature of the plain and rough thermosyphons with distance along the wall at 286 a heat load of 100 W is shown in Fig.5a and Fig.5b for initial pressures of 3 and 30 kPa, respectively.
287 Fig. 5a shows that a significant reduction in the evaporator wall temperature is achieved for the TPCT respectively, but at a heat input of 160 W. It is observed that the difference in the evaporator wall 315 temperature between the plain and modified thermosyphons is higher compared with that at a heat load 316 of 100 W. This could be explained as: before reaching the critical heat flux, when the heat load 317 increases, the heat transfer mechanism is enhanced due to the generation of more bubbles transferring 318 further heat from the heating surface to the fluid, thereby further reduces the evaporator wall 319 temperature. On the other hand, approximately the same difference in the condenser wall temperature 320 as in the case of 100 W is obtained when the pressure is 3 kPa (Fig.6a) . However, when the pressure is 321 30 kPa (Fig.6b) , a higher difference in the wall temperature of the condenser is noticed between the two 322 TPTCs compared with that at 100 W, especially at the upper part of the rough thermosyphon. This can 323 be explained that the rate at which the vapour is generated at 160 W is higher than that at 100 W in both 324 plain and rough TPCTs. Therefore, the rate of the condensate removal is smaller than the rate of droplets 325 growth, which leads to thickening the condensate film thus reducing the condenser wall temperature 326 (Attinger et al. 2014 ). This effect is higher in the case of the rough condenser due to the wettable 327 characteristics of the rough surface compared with the smooth surface, so that the difference at 160 W 328 is higher than that at 100 W. thickness on the rough wettable condenser wall is higher (at 3 kPa), so that a higher difference is noticed 388 between the two thermal resistances at a pressure of 3 kPa (Fig.9a) compared with that at 30 kPa 389 (Fig.9b) and they both decreases with the input energy. 
394
Despite the increase in condenser thermal resistance for the rough TPCT, a noticeable decrease in the 395 total thermal resistance (R t ) of the rough TPCT is shown in Fig.10a and 400 (3 kPa) shows a same trend as the R e in Fig.8a , and almost a same rate of decrease in the R t for both
401
TPCTs with the heat load is observed at a pressure of 30 kPa (Fig.10b) . (Fig.11a) , h e generally increases as the heat load increases for the both TPCTs. However, the rate 411 of increase in h e is higher for the modified TPCT compared with the plain one and it becomes 412 approximately constant after a heat load of 130 W for the plain TPCT. Therefore, the difference in h e 413 between the two TPCTs increases as the input energy increases. This is also true at a pressure of 30 kPa 414 (Fig.11b ), but with a lower difference in h e and a lower rate of increase for the rough TPCT. 
4-Conclusions
420
Thermal performance of a TPCT with an internal surface roughness produced using a new 421 technique of EDM was tested to investigate the enhancement of heat transfer characteristics.
422
This was carried out by comparing the modified TPCT with a plain TPCT at various heat loads 423 and two different initial pressures (sub-atmospheric pressures). It is concluded that a significant 424 decrease in the evaporator wall temperature is achieved using the resurfaced thermosyphon at 425 both initial pressures 3 and 30 kPa. It is also seen that the reduction increases as the input 426 energy increases. In addition, less reduction is obtained at a pressure of 30 kPa compared with 427 3 kPa and the difference in T e,av between the two pressures for the rough TPCT is higher than 428 that for the plain. Accordingly, a considerable decrease in the evaporator thermal resistance and enhancement in the evaporator heat transfer coefficient of 115% and 68% are obtained at 430 3 and 30 kPa, respectively. However, the condenser wall temperature for the rough TPCT is 431 noticed to be lower than that for the plain one. Likewise, the thermal resistance of the condenser 432 section for the rough TPCT is higher, but the difference in the condenser much lower than that 433 at the evaporator. Thus, the total thermal resistance for modified TPCT is decreased by about 434 42% at a pressure of 3 kPa, whereas it is reduced by 13% at 30 kPa compared with the plain 
